With the development of functional genomics research, large-scale proteomics studies are now widespread, presenting significant challenges for data storage, exchange, and analysis. Here we present the Integrated Proteomics Exploring Database (IPED) as a platform for managing proteomics experimental data (both process and result data). IPED is based on the schema of the Proteome Experimental Data Repository (PEDRo), and complies with the General Proteomics Standard (GPS) drafted by the Proteomics Standards Committee of the Human Proteome Organization. In our work, we developed three components for the IPED platform: the IPED client editor, IPED server software, and IPED web interface. The client editor collects experimental data and generates an extensible markup language (XML) data file compliant with PEDRo and GPS; the server software parses the XML data file and loads information into a core database; and the web interface displays experimental results, to provide a convenient graphic representation of data. Given software convenience and data abundance, IPED is a powerful platform for data exchange and presents an important resource for the proteomics community. In its current release, IPED is available at http://www. biosino.org/iped2.
Introduction
In the post-genome era, proteomics research offers important ways of understanding protein structure, function, and control of biological systems in normal and disease states [1, 2] . With the development of proteomics technologies, generation of proteomics data is increasing exponentially. Several databases have been constructed for storing proteomics data, for example, SWISS-2DPAGE [3] and PeptideAtlas [4] . SWISS-2DPAGE provides the results of two-dimensional gel (2D gel) electrophoresis experiments. PeptideAtlas collects information about peptides identified in a large set of tandem mass spectrometry (MS) proteomics experiments. These databases, however, do not provide tools for highthroughput data uploading and formatting; therefore, they lack convenience as tools for data distribution and reuse.
Integration and re-analysis of various data sets from different proteomics experiments are often required for exploring protein functions in biological processes. Data sets used for such purposes must comply with specific criteria for exchange and storage. Commonly, extensible markup language (XML) is used to specify criteria for biological data [5, 6] . For example, minimum information about a microarray experiment (MIAME) describes the required minimum information for reporting gene expression experiments [7] and has become a widely accepted standard for microarray data reporting [8, 9] . Similar to MIAME, standards for proteomics experiments have been proposed in recent years. The Proteomics Standards Initiative of the Human Proteome Organization (HUPO-PSI, http://www.psidev.info) [10] has laid the foundation for the development of standards, in part through the development of the General Proteomics Standard (GPS), which specifies how proteomics experimental design should be described and data exchanged [11] . In 2003, Taylor et al. [12] used unified modeling language (UML) to draft the Proteome Experimental Data Repository (PEDRo), an information model for proteomics experiments, and presented its XML and structured query language (SQL) schema. Finally, in 2007, HUPO-PSI developed a guideline for reporting proteomics experiments called MIAPE (minimum information about a proteomics experiment) [5] . Based on MIAPE, HUPO-PSI has released a number of standards for specific proteomics techniques, such as mzData and, more recently, mzML for the storage of MS data [13] , GelML for electrophoresis data [14] , and so on.
In recent years, however, the application of proteomics data standards has been relatively slow. With remarkable development of advanced technologies and rapid accumulation of high-throughput data sets, it has become urgent to build a proteomics database based on the established standards for data storage and exchange (i.e. GPS, PEDRo, and MIAPE) [15] . PRoteomics IDEntifications (PRIDE) database is such a pioneer database, providing a standard-compliant repository for MS-based protein and peptide identifications, as well as original spectral evidence for these identifications [16] .
Here we present the Integrated Proteomics Exploring Database (IPED), an integrated platform to standardize, store, and visualize data from proteomics experiments including MS and 2D gel electrophoresis technology. In addition, it presents a vivid flowchart to illustrate experimental processes and provides convenient access and hierarchical privilege settings for lab users. The structure of IPED is as follows: a graphic editor called the IPED client editor standardizes experimental data; a management tool called the IPED server software parses data and maintains the core database; finally, a user-friendly website called the IPED web interface allows for data presentation and distribution. The web interface presents not only detailed results, but also abundant processing information about the original proteomics experiments. IPED complies with the PREDo schema and uses a flexible framework, thereby providing an effective means for data transformation and a convenient platform for data exchange and sharing across the proteomics community.
Materials and Methods
Given the goal of storing and exchanging proteomics data, we took into account some important principles in designing our platform [17] . First, because of the complexity of proteomics data, the platform should provide detailed experimental information. Secondly, experimental data and procedure information should be collected in a highly efficient means to keep up with the highthroughput of proteomics research. Thirdly, data files used for exchange should be platform independent, to enable loading into various proteomics data repositories. Lastly, the platform should provide a management tool for data storage and a web interface for data browsing. According to these requirements, three parts were designed for the IPED platform: the IPED client editor, IPED server software, and IPED web interface. In particular, to communicate with the international proteomics community, the platform implements the UML schema described by the PEDRo model and complies with the GPS. XML was chosen as the data exchange file format.
IPED client editor
To model, capture, and disseminate proteomics experimental data, the IPED client editor was built to comply with the PEDRo XML schema and the GPS. The editor was designed to be object oriented, with various functional modules included to satisfy the needs of different experimental processes. Programs for functional modules were implemented in JAVA. When the editor is run, a graphical wizard guides the user to input raw experimental process and result data. The editor then validates this information according to the PEDRo schema, which is composed of four sections: sample source, sample processing, MS data, and MS results analysis in silico. Each component is validated and processed by a specific JAVA program, which has suitable compatibility and flexible expansibility. When validation is finished, an XML data file is produced automatically by the editor. Simultaneously, a Message Digest 5 (MD5) value is calculated for the data file and stored in a flat file. The XML data file and the MD5 flat file are then delivered to the IPED server software.
IPED server software
The server software was designed to be procedure oriented, to allow the IPED platform administrator to use various procedural tools to maintain the system. Programs for these tools were implemented in JAVA.
When the platform administrator receives an XML data file, he or she first checks the integrity of the data file according to its MD5 value, to verify that no information was lost during data transmission. After the integrity check, the data file is validated against the PEDRo XML schema; validated XML data files are parsed and their content entered into the IPED core database. During data loading, a log file is built to record procedural messages. If any problems occur during data loading, the log file generates an error message, and the administrator can inform the data provider. After data are successfully loaded, a data accession number is fed back to the data provider. At that time, the administrator sets a privilege level for the data according to the data provider's authorization, and reminds the data provider to verify the data through the IPED web interface.
IPED web interface
To distribute and visualize data, we constructed the IPED web interface coupled with the core database. Given the complexity of proteomics data and the need for access security, the core database was developed in an Oracle 10g environment on a RedHat AS server; all data validated by the server software are stored in the core database. The web interface was implemented with Java Server Pages (JSP) technology, utilizing Apache Tomcat as the JSP engine. The web interface supports various queries, such that users can search for data of interest by laboratory, by sample, or by 1D/2D gel or MS experiment. When the user inputs search keywords, JSP programs parse the user's parameters, then connect to the core database and query the data table using SQL. Finally, query results are returned and displayed on the web page.
Results
Work flow of IPED IPED data flow is shown in Fig. 1 . First, an experimenter uses the client editor to produce a data exchange file in XML format. Next, the XML file is delivered to the server software, which: (i) inspects the integrity and quality of the data file, (ii) parses the XML file and loads the information into the core database, and (iii) modifies the data's privilege level according to the authorization of the data provider. Finally, users are able to browse or search for comprehensive experimental information through the web interface.
Interface and access of IPED Owing to the high-throughput nature of proteomics research, data from proteomics experiments are tremendous and complicated. The IPED client editor was developed to collect and format these complex data according to the PEDRo model, which presents an XML schema to define the relationship between objects and results of proteomics experiments; the editor also complies with the GPS. The IPED client editor has a user-friendly graphic interface, to guide users to complete all steps of data input (Fig. 2) . The software simulates sample processing during the collection of experimental information, to facilitate the use by proteomics researchers. When the editor is run, a menu of basic functions appears in the top frame; an experimental object tree is displayed in the left frame; and users can specify attributes of experimental objects in the right frame, including information about sample source, sample processing, and experimental processes. Collection of such comprehensive experimental information helps ensure that another scientist could repeat the specific experiment. After information about experimental processes and results are conveniently collected through the client editor, a standard data file in XML format is automatically produced. Subsequently, the XML data file can be stored in the IPED database, exchanged with other researchers, or processed by diverse analysis software.
The IPED server software was developed for information validation, data loading, and platform management (Fig. 3) . When XML data files and MD5 flat files Three modules were developed for IPED: a client editor, server software, and web interface. The client editor converts proteomics experimental data to an XML file based on the PEDRo schema; the server software checks XML data files, parses these data files, and loads information into the core database; and the web interface distributes and presents experimental data.
are sent to the IPED administrator, he or she checks these files using the server software. Information contained in the data file is then loaded into the core database, and the data provider receives a data accession number. In addition, each piece of experimental data stored in the core database is assigned a privilege level (0, 1, 2, or 3), to control access. Data assigned to level 0 can be accessed only by the core database administrator. Level 1 data are available for release to the administrator and the data provider. Level 2 data can be accessed by the administrator, the data provider, and the data provider's collaborators. Level 3 data are freely available to the public.
The IPED web interface acquires data from the core database and displays experimental information using tables and graphs. Using the web interface, guest users without a login can browse free (i.e. level 3) information. Registered users can log in to the platform and check their private (i.e. level 1 or 2) data. To allow users to quickly access relevant web pages and view information of interest, the web interface provides five points of entry to data: (i) a directory of laboratories, which lists all laboratories registered to the platform; (ii) a directory of sample origins, which provides a list of sample sources for experiments stored in the core database; (iii) a directory of gels, which offers a convenient means for browsing 1D and 2D gels; (iv) a directory of shotgun MS experiments, which displays all shotgun experiments stored in the core database; and (v) a query option, which presents a powerful search tool for specific laboratory, experiment, sample origin, or protein information. A guide to the website is shown in Fig. 4 . In comparison to other proteomics databases, the IPED platform provides plentiful and detailed experimental process information The client editor provides a user-friendly means for inputting experimental data.
Fig. 3 IPED server software graphical interface
The IPED server software validates and parses XML data files, loads information into the core database, and manages the core database. (Fig. 4) , in a manner analogous to the PRIDE repository. Moreover, information about experimental steps is presented in a user-friendly manner, with flow charts [ Fig. 4(E) ]. When a tag in the flow chart is clicked, more specific information about the process step is displayed in a new window. Thus, biological scientists can access detailed step-by-step information about experiments of interest.
Example data in IPED
We used an experiment on human umbilical vein endothelial cells (HUVEC) performed in our lab as an example to illustrate the functions of IPED. Experiment ID (1064), sample description (differential expression analysis of HUVEC treated with lovastatin), and other information were easily acquired by the IPED client editor, as shown in Fig. 4 . A flow chart was generated to describe all processing steps [ Fig. 5(a) ]: (i) 2D gel electrophoresis was used to separate and identify proteins in the sample; (ii) chemical treatments such as trypsin digestion were performed, and digested peptides were separated on LC columns; and (iii) a shotgun proteomics strategy utilizing Thermo Finnigan MS was employed. When the graphic tag for each step was clicked, more detailed information appeared, such as the results of 2D gel electrophoresis [ Fig. 5(b-d) ] or MS [ Fig. 5(e-g) ]. For the 2D gel electrophoresis experiment, Fig. 5(b) gives the exact experimental protocol, including acrylamide percentage, buffer, pH gradient, analysis software, and so on. A high-resolution 2D gel image is shown in Fig. 5(c) ; protein spot information is provided in Fig. 5(d) . In 2D gel/MS experiments, different spots may be identified as the same protein, which may offer hints about post-translational modifications (PTMs). As illustrated in Fig. 5(d) , SSP number 9419 is identified as protein gij35053, and three other spots (SSP numbers 7336, 7350, and 8244) with slight mass variance also are identified as protein gij35053, which indicates possible PTMs represented by these spots. For the MS experiment, Fig. 5(e) gives the manufacturer and parameters of the mass spectrometer instrument, and provides downloadable raw data files. Each identified protein was presented with peptide coverage, peptide sequences, and scores from database searching [ Fig. 5(f ) ]. For every identified peptide, a spectrum graph, amino acids, and b/y ions were plotted, which might be useful for manually checking the identification result [ Fig. 5(g) ]. 
Discussion
Recently, the field of proteomics has advanced rapidly, with the development of diverse experimental methods and generation of large-scale result data [2] . Managing, sharing, and comparing experimental data thus have become a necessity for researchers, but often are computationally challenging. Bioinformatics tools addressing such problems are still far from being comprehensive or efficient. In this work, we developed a public platform called IPED, which aims to standardize, store, and visualize proteomics experimental data. Compared with other databases, the IPED platform has several remarkable features. Firstly, the PEDRo schema was used as the model in the construction of the platform. Because the PEDRo schema is accepted by international proteomics organizations, data stored in the platform can be conveniently shared with the existing proteomics databases after simple format transformation; in the future, we will provide tools to transform data to formats compliant with GelML and mzML standards. Secondly, our platform stores and displays information about experimental processes, as well as results, which will help scientists repeat experiments of interest or compare their results from similar experiments. Thirdly, the IPED platform provides users with a standard data file in accord with international criteria as well as effective data management, both of which can facilitate subsequent data analysis. Finally, IPED offers a convenient way for experimental biologists to visualize multi-level data through a web interface flow-chart, and verify and release their data to the public. In short, IPED is an integrated platform that includes a core database, client editor, server software, and web interface, which provides a whole solution to standardize, store, and visualize proteomics experimental data. It is a convenient and effective data distribution tool for researchers, and will accelerate sharing of experimental data.
In the future, we would like to make IPED open source software for local installation, to facilitate proteomics experimental data management and sharing. Additionally, extensive annotation information will be extracted from public databases such as UniProtKB/ Swiss-Prot [18] , Gene Ontology [19] , and Pfam [20] to provide comprehensive knowledge for proteins in IPED. Protein quantification information also will be collected, to satisfy the needs of quantitative proteomics. Moreover, additional computational tools for quantitative proteomics [21] [22] [23] will be developed and integrated into the platform to enhance its data analysis capability. Taken together, canonical experimental data, in-depth data-mining tools, and multi-way result visualization will provide a systematic proteomics data analysis platform; our work on IPED is a rudiment for such a platform.
